Genomic Database Conundrum: Widespread Misannotation of rRNA Sequences as Protein Sequences by Raymond, Miranda
 
Genomic Database Conundrum:  





A Senior Honors Project Presented to the  
Honors College 
East Carolina University 
In Partial Fulfillment of the 
Requirements for  











Dr. John Stiller 




 The genomics revolution introduced affordable technology capable of rapidly analyzing 
and comparing massive amounts of biological sequence data. Using the Basic Local Alignment 
Search Tool (BLAST) program on the National Center for Biotechnology Information (NCBI) 
website, a highly expressed gene sequence obtained from the plant Leptosiphon jepsonii was 
analyzed. This sequence was compared against other sequences archived in the NCBI database 
for similarities. These comparisons encompassed various phyla of life including other green 
plants, fungi, metazoans, algae and single-celled organisms. The original sequence query was 
compared to inferred protein sequences. Then the mRNA sequences corresponding to these 
proteins were analyzed against complete nucleotide accessions through reciprocal BLAST 
searches to ensure accuracy of results. The most similar sequences from these reciprocal BLAST 
searches were rRNA rather than mRNA sequences. This result indicates that numerous 
accessions in NCBI are inappropriately characterized as mRNAs and proteins, rather than 
ribosomal sequences. To explore the breadth of this misannotation issue, sequences from a wide 
range of organisms, including model genomes, were also examined. This study indicates that 
rapid, automated computational analyses of massive amounts of sequence data, combined with a 
heightened focus on novel findings, has led to a sizable influx of erroneous data within even the 
most reputable databases.    
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DNA, deoxyribonucleic acid; NCBI, National Center for Biotechnology Information; BLAST, 
Basic Local Alignment Search Tool; mRNA, messenger ribonucleic acid; rRNA, ribosomal 
ribonucleic acid; RNAseq, massive parallel RNA sequencing; cDNA, complementary 
deoxyribonucleic acid; bp, DNA base pairs; ITS, internal transcribed spacers; ORF, open reading 
frame 
Introduction 
 The human genome is composed of DNA, which encodes information necessary for the 
production and maintenance of life. For the information within DNA sequence to be useful to a 
cell, it must be transcribed into an RNA sequence, or transcript. A transcriptome is the collection 
of RNA transcripts within a cell. The size and function of transcriptomes vary depending on the 
organism, cell type and function. Transcriptome variation within the same organism results from 
different kinds and levels of expression of genes in different cell types (Transcriptome 2017). 
 RNA is present in multiple forms (Table 1). The prominent type is called mRNA and it is 
the message transcribed from genes that encode proteins. These mRNA transcripts are translated 
by the ribosome into amino acids, where they are assembled into chains of amino acids that 
make up proteins. The ribosomal core is made up of catalytic, structural rRNA molecules 
(Ribosomes, Transcription, and Translation 2017). The 18S, 5.8S, and 28S genes alternate with 
internal transcribed (ITS) regions that are removed before functional rRNAs are assembled into 
the main ribosomal subunit (see Figure 1). These functional regions are highly conserved across 






Type of rRNA Key Function 
ribosomal RNA (rRNA) structural and catalytic components of RNA 
enzymes, called ribozymes, that catalyze 
biochemical reactions 
messenger RNA (mRNA) translated into a protein by transfer RNA and the 
ribozyme 






The genomics revolution set in motion by the completion of the Human Genome Project 
in 2003 (Jenkins et al. 2005) led to rapid technological developments in the field of 
“transcriptomics.”  Transcriptomics is the study of the transcriptomes in cells and is useful in 
determining the functional elements of the genome. It aims at categorizing all transcripts by 
species and measuring the expression of each gene in different cell types and developmental 
conditions. 
Next-generation sequencing has transformed the field of transcriptomics through its 
ability to process millions of sequence reads in parallel. Such high-throughput sequencing 
approaches allow scientists to rapidly map and quantify transcriptomes with relative ease, 
leading to an influx of novel mRNA sequence data into public databases (Mardis 2008). A 
popular method of next-generation sequencing is known as RNAseq, which analyzes a collection 
Figure 1. A diagram of the highly conserved regions of the rRNA genes and less 
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of all mRNAs isolated from cells. The approach converts them to fragments of cDNA, then each 
molecule is sequenced to acquire short reads (between 30 and 400 bp) from one or both ends 
(Wang et al. 2009). The use of RNAseq has transformed modern genome sequencing procedures 
by detecting evidence for the expression of opening reading frames without stop codons, which 
could represent a gene. These particular ORFs can then be used to identify genes that encode 
proteins. 
By examining the similarity of a newly discovered biological sequence to other known 
sequences, scientists can infer possible functions of the sequence in question. The NCBI website 
features the BLAST sequence similarity search, which performs local alignments of sequences 
within the database. A widely used tool in bioinformatics, BLAST, can be used to compare 
RNAseq data to the RefSeq public database of referenced annotations from all organisms. 
RefSeq is derived from the submissions to the redundant archival database GenBank; however, 
RefSeq theoretically provides an accurate, non-redundant annotation of nucleotide and protein 
sequences deposited into NCBI (Johnson et al. 2008). 
 The sequence query used in this investigation was obtained from the flowering plant 
Leptosiphon jepsonii (see Appendix B). This unique species exhibits flower-age-dependent self-
incompatibility. The proportion of Leptosiphon jepsonii flowers that produce selfed progeny 
significantly increases as the flowers are allowed to mature (Goodwillie et al. 2004). RNAseq 
was performed on day one and day three flowers of L. jepsonii under the assumption that highly 
expressed genes present before the flowers mature, but present in smaller quantities after the 
flowers had matured, could be the genes responsible for self-incompatibility. To examine this, 
RNAseq was used to enrich for mRNAs over other RNAs. However, rRNAs are prevalent in all 
cells and are virtually always present in the output of RNAseq. The unwanted rRNA sequences 
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must be computationally removed before analyzing the batch of remaining sequences. However, 
the rRNAs were found to be abundant sequences in the L. jepsonii transcriptome, but matched 
closely with inferred protein sequences in automated BLASTX searches of NCBI. This 
phenomenon was the subject of investigation in my project. 
Methods 
After computationally identifying the most highly expressed genes in the transcriptome 
of L. jepsonii, we then analyzed the most highly expressed gene sequence using NCBI BLAST to 
determine whether a gene with a similar sequence or function had previously been identified and 
submitted to the database. 
Using the BLAST program, the most abundant sequence obtained from L. jepsonii (see 
Appendix B) was input as the query and a BLASTX search was performed. BLASTX translates 
and compares a nucleotide query to a specified protein database. The BLASTX search provides a 
list of protein results (see Appendix A.II, A.III, and A.IV) that have statistically significant 
similarity to the nucleotide sequence used in the search, presumably derived from an mRNA. 
The most similar and least similar hits, with a cut-off e-value of e-10, for a diverse list of 
eukaryotes (see Appendix C) were obtained and their accession numbers recorded. These 
accession numbers serve as a unique identifier for each sequence within the database. The e-
value, or expect value, provides a significance threshold where the closer the value is to zero, the 
less probable it is that inferred alignment result in the BLAST search occurred by chance. The 
number of different organisms and the number of inferred protein accessions were also recorded 
from the hits associated with the BLASTX search (see Figure 2).  
From each inferred protein recovered, reference sequence information could be used to 
obtain the mRNA accession number associated with the protein. A BLASTN search was run 
using this mRNA accession number as the search query. BLASTN is used to analyze a 
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nucleotide sequence against other nucleotide sequences, with no translation performed by the 
program (see Appendix A.I). This permitted matches to any type of RNA or DNA sequence in 
NCBI, not just those annotated as mRNAs encoding proteins.  Rather than investigate every 
individual sequence recovered, the most similar and least similar search result was taken as a 
sampling strategy under the assumption that all the sequences above the e-value cutoff were 
likely rRNAs. That is, if both the top and bottom scoring sequences on the list both matched 
rRNA sequences, it is likely that most, if not all, of the sequences between these two are also 
rRNAs. 
Lastly a BLASTP search was performed using the original protein hits as the search 
query and the model organisms Homo sapiens, Drosophila melanogaster, and Arabidopsis 
thaliana as the search set. BLASTP compares protein sequences by performing general sequence 
identification and similarity searches. Examining BLAST results in model organisms allowed for 
examination of accuracy of annotations within the most well characterized genomes. 
Results and Discussion 
 The distribution of the BLASTX search results (Figure 2) indicates that, when searching 
the Viridiplantae set, there are more protein accession hits similar to the initial query sequence 
than when searching any other target group of organisms. This is expected because the query 
sequence was obtained from the organism L. jepsonii, a green plant itself. The search that yielded 
the second most protein accessions and organisms was that targeting Fungi. Examining the 
Metazoans also produced many protein accession and organism matches. Searching the 
Amoebozoa, Apicomplexa, Rhodophyta, and Stramenopile data sets produced some but 
substantially fewer results. The Kinetoplastida and Ciliata database searches returned no results 
(see Figure 2). Many of the results obtained exhibited a trend: they were annotated as 
“hypothetical protein,” “uncharacterized protein,” “unnamed protein,” or “predicted protein” (see 
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Appendix A.III). It is unusual that the database categorizes these sequences as proteins 
sequences that are inferred across numerous organisms, including well-examined species, but 
have yet to be assigned any putative function. 
 
Figure 2. The number of individual organisms and the number of inferred protein accession hits for each eukaryotic phylum investigated within 
the statistically relevant cutoff range of greater than e-10. 
The BLASTN search query consisted of the mRNA RefSeq accession number associated 
with the protein hit from the BLASTX search (see Appendix A.V and A.VI). The most similar 
sequences retrieved by this search were expected to be other mRNA sequences because 
BLASTN compares a nucleotide sequence query with other nucleotide sequences within the 
database. However, rather than obtaining the expected mRNA results, the majority of the 
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statistically significant hits within an e-value cutoff of e-10 were rRNA sequences. There were 
few mRNA sequences hit, which could be rRNAs misannotated as mRNAs. If this is the case, 
misannotation may be present in all BLAST hits, not just the majority. These findings 
demonstrate the widespread misannotation of rRNA sequences spanning almost all major phyla 
of eukaryotes.  
Using the model organisms Homo sapiens, Arabidopsis, and Drosophila melanogaster, 
the BLAST results were compared to determine the level of accuracy of annotations within the 
most well curated complete genomes. For the BLASTP search, the protein top and bottom hits 
from the original BLASTX search were used as the search query against the genomes of the 
model organisms. Most of these searches produced no results, or results with e-values outside the 
cutoff of e-10, which is to be expected. However, some similarity existed between the BLASTX 
hits and protein sequence information from both Homo sapiens and Arabidopsis. For example, a 
protein found to be similar to the original search query using BLASTX was run through 
BLASTP with the model organisms as the target search organisms. This unexpected similarity 
indicates that rRNA sequences are misannotated as protein encoding genes even in the most well 
annotated genomes. 
One limitation of this study is that of using only a plant sequence as the initial query.  
Had the search originated with an Animalia rRNA sequence missannotated as an mRNA, it is 
reasonable to expect more animal and fungi sequences would have been recovered.  If a 
rhodophyte sequence was used as the search query, more sequences from rhodophytes would be 
expected.  If animal sequences were searched with the less conserved ITS regions from animals, 
it is likely to find matches from animals within NCBI, but not matches to ITS regions from 
plants, fungi, or other more distantly related organisms. Part of the reason for the elevated level 
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of plant results is the rapid evolution of ITS regions compared to the slower evolution of the core 
rRNAs that are functional in the ribosome.  Consequently, matches were found to plant ITS 
sequences missannotated as mRNAs, but other organisms are too distantly related for there to be 
enough similarity in ITS regions for BLAST searches to find. In other words, the results obtained 
using solely the L. jepsonii sequence very likely underestimate the severity of the misannotation 
problem. 
Conclusion 
 The unexpected results obtained from the BLAST searches in this study indicate a quality 
control issue within the NCBI database, which very likely pervades other public databases. In 
recent years, the focus of modern research has been shifted from experimentally reproducible 
and rigorous results to “discovery-based” novel and exciting findings from genome-level 
sequencing. Combined with continuously increased speed and decreased cost of genome 
sequencing, due to the genomic revolution and the rapid technology developed thereafter, this 
shift has resulted in a massive “dumping” of sequences into public databases without proper 
validation of sequence annotations.  
A large fraction of RNA recovered in metatranscriptomics is typically rRNA. It is well 
understood that the biosynthesis of ribosomes is a major cellular activity, particularly in 
association with cell growth (Koski & Golding 2001). For reliable results and meaningful future 
research, it is imperative that rRNA sequences, among other information available in public 
databases, be correctly annotated. Genomics researchers should reciprocally BLAST their results 
and double-check for validity before depositing incorrectly annotated sequences into the 
database. As a countermeasure, NCBI could consider implementing one or more novel quality 
control checkpoints in the BLAST program to ensure that rRNA sequences are not mistaken for 
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protein sequences (Tripp et al. 2011). Accurate annotations within metatranscriptomic databases 
like NCBI are essential for the scientific community to make reliable research progress. Basing 
new research studies on incorrect data from previous research leads to a cascade of spurious 
findings.  
Until scientists “dumping” data into public databases, particularly but not necessarily 
limited to NCBI, address and resolve problematic widespread misannotation of rRNA sequences, 
researchers should be aware that thousands of misannotated rRNA sequences are easily revealed 
by a single reciprocal BLAST and will undoubtedly be present until procedures for curating and 
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 The NCBI BLAST sequence similarity search program has several functions and various 













NCBI BLAST results part 1- colorized visual representation of sequence alignments.  The higher the alignment 





















NCBI BLAST results part 2- list of top hits in order of e-value/similarity to the query sequence; note that almost all 
















NCBI BLAST results part 3- aligned sequence comparison between the query sequence and several rRNA 



















































Original Query Sequence Used 
This sequence was obtained from the transcriptome of Leptosiphon jepsonii. This gene 













































































The following is the raw data obtained and utilized for this research study. The image is a 
screenshot of the spreadsheet on which the data was compiled and organized. 
 
